Abstract-In this paper, we report on the optical characterization of a micromachined gyroscope prototype for automotive applications, by means of feedback interferometry. In order to directly detect the rotation-induced Coriolis force, we have developed a compact and stable interferometric setup, which has been positioned inside a small vacuum bell, mounted on a rotating table. By this setup, which has a noise limit of the order of 10 11 m (Hz) 1 2 , we have measured the gyro responsivity curve, demonstrating the feasibility of the optical interferometric detection of the in-plane response of a MEMS sensor. In addition, we have carried out the full mechanical characterization of the device at different pressures, and we have performed the matching of the gyro resonance frequencies by the interferometric monitoring. Our gyro had a resonance frequency of 3986 Hz for both axes after tuning; at a pressure of 7 10 2 torr, the quality factor were = 18000 for the driving axis and = 1800 for the sensing axis, while the measured responsivity was 7 10 10 m ( s). The optical characterization represents an important feedback to the designer and is especially powerful in the case of prototypes for which the on-board electronics is not yet available.
I. INTRODUCTION
T HE increasing number of mechanical sensors developed by the micromachining technology requires to establish suitable tools for characterization and measurement of such devices, where the mechanical elements can be less than 1 in size [1] .
Standard electrical methods are not always easy to implement with such small components, and especially with prototypes, where the driving and reading interfaces are not yet available on chip. On the other hand, different optical methods have been proposed to that purpose [2] - [8] , which allow noninvasive direct monitoring of the device.
Among them, feedback interferometry [9] , [10] has been demonstrated as a viable solution to work on vibrating mass Micro Electro Mechanical Systems (MEMS), such as accelerometers [11] , gyros [12] , and resonators [13] . It has been shown that this technique has specific advantages with respect to the classical capacitive method, since it can directly measure the true movement of the target with submicron resolution, without being affected by electrical interference and stray capacitance. Moreover, as a tool for MEMS characterization, feedback interferometry performs better than standard interferometric methods. Its main specific advantages are that it works well on rough surfaces and that it does not require accurate alignment and wavefront matching; moreover, it can operate with a very low backward signal; it is suitable for measuring both in-plane and out-of-plane displacement; it requires no reference arm and bulky optical systems, thus resulting in a very compact setup. The measurement of mechanical parameters on a suspended mass device, including the resonance frequencies, the quality factors and the actuation efficiency, has been discussed in a previous paper [10] , where different implementations of the basic technique have been considered, as well as different kinds of excitation (sinusoidal, white-noise or step). A comparison with the standard capacitive method has been also reported there. In this work, we focus our attention on the full characterization of a silicon micromachined gyro for automotive applications, including the optical detection of the weak Coriolis force induced by rotation, and the measurement of the sensor responsivity. The optical approach is used on a device which is still under development, and for which the electronic interfaces are not yet available. However, this technique will also represent an important feedback for the designer in the characterization of the final device, where it will complement the standard capacitive measurements. On the other hand, though in principle this method could be proposed for the readout of a device [14] , it will not be used to this purpose with our gyroscope, for which the standard capacitive method is fully adequate and cheaper. While the characterization of the gyro axes [9] can be done simply by implementing the interferometric setup on an optical table, outside the vacuum chamber in which the device is contained for characterization as a function of pressure, the detection of the Coriolis force requires a further effort. To that purpose, a stable, compact and lightweight interferometer has been developed, to be inserted with the device inside the vacuum chamber which is positioned on a rotating table.
II. THE DEVICE UNDER MEASURE
A schematic drawing of the gyroscope under measure [15] is shown in Fig. 1 , along with a photograph of the device at the scanning electron microscope. The gyro has a symmetrical structure with two halves working in push-pull: this is a standard solution to reject common-mode disturbances, such as linear accelerations [16] , [17] . Moreover, each half is composed of two masses: a C-shaped mass (3, 4 in Fig. 1 ) which includes a rectangular mass, which is the effective sensing mass (1, 2 in Fig. 1 ). The masses are forced to vibrate along the driving axis ( -axis) at speed , by applying a sinusoidal or square voltage of frequency to the comb-finger arrays shown in Fig. 1 . The Coriolis force , which arises on the rectangular mass upon rotation of the gyro in the -plane (i.e., with the angular velocity vector parallel to the -axis), is directed along the -axis and amounts to where is the mass of the rectangular element. Such force induces a vibration along the sensing axis ( -axis) at frequency and amplitude proportional to and thus to . In the final device, the vibration amplitude of the sensing axis will be detected by on-board electronic circuits reading the capacitance variation of the parallel plate combs shown in Fig. 1 . By using four masses instead of two [17] - [19] , and by a suitable mechanical design, the gyro performances can be improved by reducing spurious elastic coupling between the axes: in our prototype, the springs connecting each C-shaped mass to the external frame are very stiff along the sensing axis, while the springs connecting each C-shaped mass to the corresponding rectangular mass are very stiff along the direction of the driving axis. In the four mass system, each C-shaped mass drags its rectangular mass along the -direction; the rectangular mass is essentially an accelerometer which measures the Coriolis force along the -axis. Another advantage of the four mass configuration is that with an open frame it is very simple to center the accelerometer mass and balance the overall system so as to reduce the output error due to the mismatch between the mechanical and the geometrical axes of the device [20] . It is worth noting that the possible centrifugal force acting on the gyro masses does not affect operation, even when the center of rotation is not coincident with the geometrical center of the device, because such force gives a mass displacement which is not at frequency , and thus its effect can be canceled by electronic filtering of the output signal.
In our prototype, the sensor thickness is 10 , the dimension of the rectangular element is 550 850 and its mass is ; moreover, the parallel plates have a length of 412. 5 and a gap of 4 . The calculated resonance frequency of both axes is 4 kHz. The theoretical sensitivity limit due to thermal-mechanical noise [21] is of about ; however, the practical noise limit of the final device is expected to be due to Johnson's noise in the electrical polysilicon interconnections. The expected mechanical gyro responsivity is . The device bandwidth with the gyro axes trimmed for resonance matching is at the pressure of . However, as reported in the literature, can be increased by a slight detuning of the two axes [20] . The gyro has been realized by an epitaxial micromachining process, which has been especially developed for inertial sensors (gyros and accelerometers). The main technological steps are summarized in the following. On a standard silicon substrate, a thermal oxide is grown. On the top of the oxide, a thin polysilicon layer is deposed by low pressure chemical vapor deposition in order to realize the buried interconnections. After that, a sacrificial oxide layer is deposed, on the top of which a thick polysilicon epitaxial layer is grown (10) (11) (12) (13) (14) (15) ). This epitaxial polysilicon is the structural material that composes the sensor. The structure of the device is defined by deep reactive ion etching. As the final step, the sacrificial oxide is removed by vapor phase HF etching to free the suspended sensing element. To protect the devices during wafer sawing process and to guarantee a controlled atmosphere during their lifetime, the devices are finally incapsulated by using an hermetic wafer to wafer bonding technique.
III. THE EXPERIMENTAL SETUP AND THE CHARACTERIZATION OF THE GYRO AXES
Feedback interferometry is based on the effects that take place when a part of a laser beam is reflected or diffused by a target inside the laser itself [22] . The optical source is a single mode laser diode emitting an optical power in the near infrared ( ). Its beam is directed toward the sensor, at an angle , and the spot position on the target, as well as the focus distance, can be accurately trimmed by small micrometric translating stages. The source-target distance is of about 10 cm. The device under test can be rotated by 90 so as to direct the laser beam along the -or the -axis, to test both.
In the setup of Fig. 2 , a small fraction of the laser power is diffused (or reflected) back by the sensor toward the laser, where it perturbs the source internal field producing an amplitude modulation. The modulated laser beam is detected by the monitor photodiode integrated inside the laser package, which provides the output signal of the interferometer. The expression of the photodetected current is [10] where is a dc term, is proportional to the injected field, is the wavelength and is the target displacement with respect to its position at rest . A transresistance amplifier is then used to convert the photodetected current into a voltage signal.
Two principal methods can be used to process such signal [9] , [10] .
When the gyro is actuated by a relatively large sinusoidal voltage (as in normal operation), its vibration amplitude is larger with respect to the laser wavelength. In this case, the output signal is observed in the time domain by an oscilloscope to count the interferometric fringes, i.e., the periods of , as in a standard Michelson interferometer. In Fig. 3 we show typical patterns obtained from the driving axis of our gyro. The driving voltage waveform is a square wave [see Fig. 3(d) ] for convenience, as it would be in normal operation of such device; each fringe represents a vibration amplitude; the measurement resolution in such case depends on the operator's ability and is typically of the order of . By such method, the resonance frequency can be detected as the frequency for which the fringe number, and thus the vibration amplitude, reaches its maximum [see Fig. 3(b) ]; also, by finding the points of the vibration amplitude with respect to resonance [see Fig. 3(a), (c) ], the value can be computed as the ratio between the resonance frequency and their difference.
Alternatively, a weak white noise excitation can be applied to the gyro. In this case, the sensor movement is very small with respect to the laser wavelength and fringes do not develop. However, the measurement can be performed by operating the interferometer in quadrature, i.e., by selecting a suitable value of , corresponding to a zero-crossing of the cosine function, around which the photodetected current I can be linearized [10] . In this case, the output signal is better observed in the frequency domain by a spectrum analyzer: the resonance curve is directly displayed on the instrument, and the resonance frequency and the value are then computed directly form such curve, or by fitting with a theoretical resonance response, to improve accuracy.
In this operation mode, the theoretical limit of our interferometer, due to the shot-noise of the laser radiation, is of the order of depending on the laser output power and on the power reflected back into the laser cavity. In practice, such limit is not easy to reach, due to electronics noise and electromagnetic interference. However, in our experimental configuration we could get a noise limit of which is fully adequate for the characterization of the gyro. It must be pointed out that, with white noise excitation, calibration is required to measure the absolute target movement, since the interferometric signal amplitude depends on the optical alignment.
Before measuring the Coriolis force, we have made several measurements for the axis characterization. Such characterization is preliminary to the gyro balancing and to the measurement of the sensor responsivity, and is summarized below. In the following, our data will be referred to one of the two gyro sensing masses (rectangular mass 1 in Fig. 1) ; a comparison between the two sensing masses is also of great interest for the mechanical design, but it will not be reported here. Anyway, no major differences were observed in properly working samples by measuring the two masses in sequence. It can be observed that simultaneous monitoring of both masses could be performed by the use of two lasers.
The excitation voltage applied to the comb fingers is the superposition of a dc voltage and of a sinusoidal voltage :
(
As usual, the comb fingers are organized in two arrays, and a different sign apply to each of them in (1). As it is well known, a minimum dc voltage is required, at least with the standard driving method, to avoid the signal to change polarity, which would excite the device at the second harmonic frequency .
The most important parameters of the driving axis are the resonance frequency , the actuation efficiency and the resonance quality factor . Parameter is defined as the ratio of the amplitude of the mass displacement to the amplitude of sinusoidal voltage , which is applied to the combs to force the gyro mass vibration. Since a gyro is usually actuated to its maximum safe vibration amplitude, to maximize responsivity, and determine the voltage amplitude required for the electrical actuation and the vacuum level required inside the package. The characterization thus included the resonance frequency, the actuation efficiency , the quality factor as a function of different electrical and environmental parameters, such as pressure. The measurement methods have been discussed in detail in [9] , [10] . Fig. 4 shows the actuation efficiency, as a function of pressure , at the resonance frequency . As shown in the figure, increases with the dc voltage , in agreement with theory [23] . Fig. 5 shows the quality factor as a function of pressure, while its dependence on is negligible, as expected. These measurements have been performed by 'fringe counting.' However, 'white noise' has also been used, since the comparison between the values of measured by the two methods is useful to put into evidence the possible nonlinear response for high amplitude vibration. Indeed, in Fig. 6 we show a white-noise measurement, taken at atmospheric pressure. The resonance curve (a), acquired from a spectrum analyzer, is corrected by subtracting the noise floor (b), and is finally processed by best fitting (c).
The obtained values of have been found in accordance with those measured by fringe counting. It can be concluded that nonlinear phenomena are negligible for a vibration amplitude as large as 7 (18 fringes). Such linear behavior of the comb finger arrays was theoretically expected and has been widely reported in the literature [13] . It is worth noting that white noise measurements at low pressure are perfectly adequate for the determination of the quality factor; however, a complete visualization of the resonance curve is not always possible due to the limited dynamic range of the interferometer, which cannot accomodate both the high resonance peak and the low curve tail [10] . For the sensing axis, the main parameter is the quality factor , since the gyro responsivity at resonance, defined as the ratio of the sensing axis vibration amplitude to the angular speed , is proportional to such parameter [21] (2)
In this equation, is the mass of the vibrating element (mass 1 or 2 in Fig. 1) , is measured at the sensing axis resonance frequency , is the equivalent elastic constant of the spring system. The dependence of with pressure is reported in Fig. 7 , that clearly shows the trade off between the requirements on the vacuum level inside the package and the desired sensor responsivity.
Another important feature to be considered for the gyro operation is tunability. In order to work at maximum responsivity and minimum amplitude of the electrical driving signal, the resonance frequencies of the two axes should be the same. Alternatively, as already stated, a certain amount of frequency mismatch is often introduced in order to achieve a larger sensor bandwidth [20] . Whatever the design option, the relative position of the resonance frequencies have to be adjusted to compensate against the relatively large production tolerances.
In practice, the resonance frequency of a mass-spring system driven by a comb-finger array may be hardly modified. On the other hand, the resonance frequency of a mass-spring system driven by a parallel-plate array decreases with the applied dc voltage [23] . For this reason, the sensing axis is usually designed for a somewhat higher resonance frequency than the driving axis, and is then matched to the other one by applying a suitable value of . Fig. 8 shows the trimming diagram of our gyro. It can be observed that the resonance frequency is matched to that of the driving axis (3986 Hz) at about 2.7 V. The points in Fig. 8 have been obtained by the fringe counting method with a small amplitude actuation of the sensing axis, since the parallel plates have a small gap and are designed for small vibration amplitude. For that reason, nonlinear effects, which could be present in a parallel plate array, are not observed and the white noise excitation gives essentially the same results. 
IV. FREQUENCY MATCHING
In order to perform frequency trimming in a speedy way, it would be convenient to simultaneously monitor the resonance curves of the two axes in real time [24] , [25] . This can be done with our interferometric approach, by driving both axes, while positioning the interferometer at 45 with respect to the sensor side. By this approach, one can monitor the resonance curves on a large frequency span.
However, we have applied a different method, which is useful when just a fine trimming of the resonance frequency is required, and exploits the coupling error of the sensor. In our gyro, in spite of the four-mass design, residual elastic coupling between the and axes is still present; in other words, the motion of a spring along the driving axis ( ) implies a small force arising also on the sensing axis ( ). We can model this effect by an elastic constant . The vibration along the axis, due to a white-spectrum voltage excitation of amplitude is (3) where is the electromechanical transfer function of the driving axis.
The coupling force from the driving axis acting on the sensing axis is then (4) Due to that force, a small vibration component arises along the sensing axis even at rest (no angular rotation), and can be written as (5) where is the mechanical transfer function of the sensing axis.
Complete elimination of such term would require tight tolerances which are not presently in reach of the production technology. However, this drawback provides a means to monitor the resonance curves of both axes at the same time. This can be done by actuating only the driving axis by white noise and observing the interferometer output at a spectrum analyzer. Indeed, the spectrum of contains the transfer functions of both axes. Though extracting the two resonance curves would require heavy numerical processing, their combination can be directly visualized, as shown in Fig. 9 and clearly exhibits two maxima. Thus, the relative position of the resonance frequencies can be easily trimmed by acting on the dc voltage of the sensing axis until the two peaks become coincident. This procedure is shown in Fig. 9 , where, at a constant pressure , the combined resonance curves of the two axes are shown for different values of , until matching is performed.
For the operator's convenience, the curves of Fig. 9 have been obtained by setting our FFT spectrum analyzer at a frequency resolution of 2 Hz, as a trade off between trimming accuracy and sweep speed. With this frequency resolution the resonance curve of the sensing axis ( , see Fig. 7 ) is only slightly enlarged (the apparent value is reduced by a factor 2), while that of the driving axis ( , see Fig. 5 ) looks far wider than it should be. On the other side, selecting a better resolution will not significantly improve the trimming accuracy: since the resonance curve of the sensing axis is much larger than that of the driving axis, small relative variations of their maxima are not expected to strongly affect responsivity.
V. MEASUREMENT OF THE CORIOLIS SIGNAL
The measurement of the gyro responsivity curve has been then performed by feedback interferometry. Such direct measurement is important non only for a preliminary characterization, but also because it allows us to discriminate the contribution of the output combs to a possible nonlinear response of the sensor.
The amplitude of the vibration on the sensing axis has been measured at a pressure of about . This choice represents a compromise between two opposite constraints. Indeed, working at low pressure increases the nominal responsivity at perfect matching [see (2) ]. On the other hand, at a lower pressure the factors are larger and matching is more difficult to obtain than in standard operating conditions. Also, at low pressure it is difficult to maintain the vibration amplitude of the driving axis at its maximum; in practice, is strongly affected by even very small variations of due, for example, to thermal transients.
In Fig. 10 the experimental points are reported for several positive (counterclockwise) and negative (clockwise) values of . The gyro was trimmed to the most accurate resonance matching allowed by our setup (a fraction of Hz), following the procedure of Fig. 9 . For ideal matching ( ), the expected sensor bandwidth was 2.5 Hz; thus, each measurement was taken after waiting for about 5 s after the rotation speed had been changed, to allow the sensor response to reach a steady state.
In this case (differently from the case of measurement of the resonance frequency and values), the absolute target movement has to be inferred from the interferometric signal. However, since the sensing axis motion was small, the resulting interferometric signal was below a full fringe. Thus, as in the case of 'white noise', a suitable calibration of the setup is required for an accurate measurement of the vibration amplitude; moreover, the interferometer has to be operated in quadrature. A first calibration step (phase calibration) was performed to operate the interferometer in quadrature, and was performed by acting on the laser current (so as to slightly change its wavelength, and thus its phase) until the output signal was maximized. A second calibration step (amplitude calibration) was made by actuating the sensing combs at resonance until the output signal reached a full fringe; this provided the amplitude scale factor for our specific optical alignment.
The measurements of were made by using a lock-in amplifier to detect the component of the vibration due to the Coriolis force (which is 90 out of phase with respect to the electrical sinusoidal excitation at resonance), while rejecting the coupling error component (which, from (5), is 180 degrees out of phase with respect to the electrical sinusoidal excitation at resonance). Further error components can be present in a gyro. Among them, errors in phase with the Coriolis term cannot be discriminated by a phase sensitive measurement and represent a bias error of the gyro. For example, the axis mismatch error [20] is in phase with the Coriolis term at resonance. However, in our gyro these errors were found to be at least an order of magnitude smaller than the contribution due to mode coupling. In Fig. 10 a linear fit of the experimental points is also shown, demonstrating the good linearity of the device.
The resonance frequency of the driving mode, and of the sensing mode after tuning, was 3986 Hz. The values of the axes were , . This difference by an order of magnitude is partially due to the different regime of the air surrounding the parallel plates and the comb-fingers; the operating vacuum level is not high enough for reducing such losses to a common low residual value. Other asymmetrical loss mechanisms are probably involved, due, for example, to the mechanical supports.
From Fig. 10 , the gyro responsivity can be calculated as . By comparison with the theoretical responsivity at perfect matching, a reduction of a factor 3 is found. Considering the values of the axes this decrease is probably due a mismatch between the actual resonance frequency of the driving axis from its previously measured value , due, for example, to a small temperature variation. Indeed, it can be easily calculated that exciting the driving axis out of resonance of about 0.2 -0.5 Hz, reduces the vibration amplitude of an order of magnitude. This problem will be addressed in the final device by implementing a feedback loop to lock the frequency of the excitation voltage to the maximum of the resonance curve. To that purpose, a section of the comb finger array will be used to monitor the driving axis vibration amplitude. On the other hand, as already stated, a residual mismatch between the driving and the sensing axis resonance frequency probably plays a minor role.
VI. CONCLUSION
In conclusion, we have reported on the full optical characterization of a vibrating mass micromachined gyroscope by feedback interferometry, including the detection of the Coriolis force induced by rotation. Also, functional trimming of the resonance frequency has been performed by the same method. Though the optical detection of the Coriolis force has been implemented for the characterization of the gyro as a bare sensor, our experimental results demonstrate for the first time the possibility of the optical interferometric readout of the in-plane response of a MEMS sensor. Indeed, the very simple optical configuration offered by feedback interferometry could be considered in the future for the integration in the sensor package, as already proposed in [14] . This optical method can be also considered for gyro testing at the wafer level.
